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Abstract: Structural and dynamical properties of the transition metal ions V2 and Mn2* in aqueous solution,
resulting from combined quantum mechanical (QM)/molecular mechanical (MM) molecular dynamics (MD)
simulations have been compared. The necessity of polarization functions on the ligand’s oxygen for a
satisfactory description of such ions in aqueous solution is shown using V2" as test case. Radial distribution
functions, coordination number distributions, and several angle distributions were pursued for a detailed
structural comparison of the first hydration shells. Dynamical properties, such as the librational and vibrational
motions of water molecules were evaluated by means of velocity autocorrelation functions. Approximative
normal coordinate analyses were employed to calculate the rotational frequencies and vibrational motions
around the three principal axes. The very low exchange rates for the first shell water exchanges only allow
an investigation of the water exchange processes in the second shell, which take place within the picosecond
range.

. Introduction Many experimental studies have been performed to determine

lon hydration plays an outstanding role because of its vibrationa_l frequ_encies of vyater molecules_in _ionic solutions.
importance for such diverse fields as physics, biology, and Sy_stematlc studies fora_serles of metal i’@r%émdmatgd ared_—
chemistry!3 Consequently, computer simulations in general, Shift of the O-H stretching frequency due to the interaction
and molecular dynamics (MD) simulatidhi particular, are with the metal ion. This can be interpreted in terms of
of increasing importance to reveal details of molecular motions Stréngthened hydrogen bonds between water molecules of the
as well as structural and microscopic properties of the solution first and second hydration sphere, as the metal ion enhances
which are difficult to measure experimentally. Very accurate the hydrogen bond by polarizing the water molecules.

theoretical data based on correlated ab initio calculations are Molecular Dynamics (MD) and Monte Carlo (MC) simula-
available for small ior-water complexe$;” but they cannot  tions allow a direct investigation of the molecular behavior of

be considered as a model for ions in solution, as in the liquid hydrated metal ions. Theoretical data often rely on classical force
state the larger number of ligands, the second shell and thefields, in which the potential functions describing the inter- and
surrounding bulk produce an entirely different environment for intramolecular interactions are constructed by fitting an analyti-
the ion. Experimental investigations have to use assumptionscal formula to experimental data or ab initio calculations, and
to overcome counterion effects, which are nearly always present,the subsequent simulations often use the assumption of pairwise
as most experiments need to be performed in rather concentrate@dditivity. This means cutting the series for the total intermo-
solutions® For example, the symmetric MO stretching fre-  lecular interaction energy ofrabody system, consisting of pair-,
quencies for aqueous solutions have been determined by Ramathree-body up to higher-body interactions after the first term.

spectroscopy which requires very h|gh concentrations for It is well-known that the pairWise additive aSSUmption for
detectior? interaction potentials is not sufficient to describe structural

properties of metal ions and recently it has been shown that
simple three-body corrections do not allow the reproduction of

(1) Richens, D. T.The Chemistry of Aqua lons: Synthesis, Structure and
Reactbity: A Tour Through the Periodic Table of the Elemeisst edition;

Wiley: New York, 1997. all structural and dynamical properties of ionic solutions eitRer.
% gr?;zh.gm \}vl.jjjﬁgt.elgtlr%?:? 85?6&3352297'07_710_ Corr_e_ct flrst_shell hydr_atlon numbers can be obtained employing
(4) Allen, M. P.; Tildesley, D. JComputersimulation of LiquidsOxford empirically fitted polarizable water models (SPC/E, RPGL}S
Science Publications: Oxford University Press: Walton Street, Oxford OX2
6DP, 1990. -
(5) Trachtman, M.; Markham, G. D.; Glusker, J. P.; George, P.; Bock, C. W. (10) Bergstion, P.-A; Lindgren, J.Inorg. Chem.1992 31, 1529-1533.
Inorg. Chem 2001, 40, 4230-4241. (11) Kristiansson, O.; Villepin, J.; Lindgren, J. Phys. Chenl988 92, 2680~
(6) Trachtman, M.; Markham, G. D.; Glusker, J. P.; George, P.; Bock, C. W. 2685.
Inorg. Chem.1998 37 (17), 4421-4431. (12) Schwenk, C. F.; Loeffler, H. H.; Rode, B. M. Chem. Phys2001, 115
(7) Siegbahn, P. E. M. INew Methods in Computational Quantum Mechanics (23), 10 808-10 813.
Prigogine, I., Rice, S. A., Eds.; John Wiley & Sons: 1996; Vol. 93, pp  (13) Floris, F.; Persico, M.; Tani, A.; Tomasi, Ghem. Phys. Lett1992 199
333-387. (6), 518-524.
(8) Marcus, Y.Pure Appl. Chem1987, 59 (9), 1093-1101. (14) Floris, F.; Martinez, J. M.; Tomasi, J. Chem. Phy2002 116(13), 5460~
(9) Kanno, H.J. Phys. Cheml1988 92, 4232-4236. 5470.
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These models, besides providing only a rigid water structure 1. Details of Calculations

and hence no possibility to (_:alculate vib_rational frequgnci_es, A. QM/MM MD Methodology. The QM/MM method partitions
do not guarantee the correct |mplemer)ta_t|on of all polarization q total system into a quantum mechanical (QM) region and a region
and charge-transfer effects as an ab intio framework. For the yreated by molecular mechanics (MM). All particles within the zone
description of electrolyte solutions the inclusion of many-body of main interest, e.g., the first hydration shell of the ion, are treated by
effects is compulsory for obtaining correct results, as polarization means of quantum mechanics. temater interactions within the
and charge transfer cause strong cooperative efféaften molecular mechanical (MM) region are calculated using classical
letting the assumption of pairwise additivity break down. potentials cc_mstructed from QM calculations. The accuracy of a QM/
The requirement for a good model of the system is to MM calculation depends not only on the chosen QM and MM methods,

reproduce a wide rande of properties including structure. IR but also significantly on the coupling model. Therefore, in each
% 9 h prop 9 fluid ’ simulation step an ab initio calculation was performed providing
an Ra'man spectra, exchange rates, etc. Because flui S'yste antum mechanical forces to be incorporated into the total force of
consisting of a huge number of atoms are too large to be directly the system by the following formuase
studied by traditional ab initio calculations, one of the recent
approaches is to combine quantum mechanical (QM) and Fo = F9S + (FQY — FMy. gy )
molecular mechanical (MM) method&:2° We have already ot TMM T RM oM
made use of this QM/MM MD technique in several studies
yvhlch rellably_ predicted struct_ural behgwor of (\jlgr%;zgf metal total systemFS! is the QM force in the QM region, ang! s the
ions in water in accordance with experimental date. MM force in the QM region. The functio® (ST2 switci!) ensures
Hybrid QM/MM MD simulations which partition the system  smooth and continuous transition from QM to MM region.
into two regions, in which interactions are calculated separately, The QM/MM MD program used in this work allows water molecules
offer a breakthrough for the inclusion of higher many-body toleave and enter the QM region as needed to be able to fully describe
interactions in condensed phase systems. Many-body effects aréhe dynamics of the system. The radii of the QM regions were estimated
included into the force field as the forces acting on molecules accerding to the radial distribution functions (RDF) obtained by
in a relevant subsystem are calculated by solving the Sifger previous classical MD simulations including three-body corrections and
" . )
equation. The implicit electronic contributions as charge transfer were set to 4.0 A for Mif and V*. The smoothing function was
L . . applied over a span of 0.2 A.
and polarization in the force field play an important role to

btai I d f . I The simulations were carried out with the QM/MM MD software
obtain accurate structural data for main gré as well as package developed at our department using the parallelized version of

transition metal iong?23 the TURBOMOLE prograr?33for the calculation of the ab initio forces
In contrast to Monte Carlo (MC) simulations, MD simulations by the unrestricted Hartred=ock formalism. The basis sets used were
using a flexible water model allow the evaluation of molecular the relativistic compact effective potentials (RCEP) and dodble-
motions such as librations and vibrations, whose frequencies valence basis set developed by Stevens et al. 6t rand Dunning’s
can be calculated from velocity autocorrelation functions DZP for oxygef***and DZ for hydroger?* The Los Alamos ECP
(VACF). The intramolecular vibrational motions of the water PIUS DZ basis sét**was used for ¥*, and alternatively DZ and DZP

molecule take place within the fs-time scale, and the rotational basis sets for oxygen and DZ f.o r hydrogen. The same b_as's sets had
. . . been used to construct the pair- and three-body potentials fer ion
librations are of sub-ps order, in general.

water interactions.

In previous studies the structures of the hydrated metal B QM/MM MD Simulations including Three-Body Corrections.
complexes [Mn(HO)g]?* and [V(HO)e]?" have been discussed  The QM/MM MD simulations were performed with the same simulation
in terms of radial distribution functions, coordination numbers, protocol as in previous workg:2+232526 The investigated system
and angular distribution functior$2625 In this work the contained 1 M&" or 1 V?* ion and 499 water molecules in a periodic
librational and vibrational motions of first and second hydration cube of side length 24.7 A. The simulations took place at a temperature
shell water molecules and bulk are examined by means of QM/ ©f 298.16 K in a canonicalVT ensemble. The temperature was kept
MM MD simulations. The quantum mechanical treatment of constant utilizing the_Berendsen algoritfrwith a relaxangn t|_me of
the ion and its first hydration shell allows an estimation of the 0.1 ps and the density was assumed to be 0.997°gdfch is the

ion—water vibrati 'f . . imati | density of pure water at the simulation temperature. The reaction field
lon—water vibrational Irequencies using approximative normai- proceduré® was employed in all simulations to correct the cutoff of

whereF is the total force of the systerfyy, is the MM force of the

i 1&7,28 . X . . .
coordinate analys%? long-range interactions and a flexible model for water including
(15) Jalilehvand, F.; Spangberg, D.; Lindgvist-Reis, P.; Hermansson, K.; Persson, (28) Spohr, E.; Pinkas, G.; Heinzinger, K.; Bopp, P.; Probst, M. N. Phys.

I.; Sandstfen, M. J. Am. Chem. So@001, 123 (3), 431-441. Chem.1988 92 (23), 6754-6761.
(16) Koneshan, S.; Rasaiah, J.JZChem. Phys2001, 114 (17), 7544-7555. (29) Maseras, F.; Morokuma, K. Comput. Cheml995 16 (9), 1176-1179.
(17) Elrod, M. J.; Saykally, R. lhem. Re. 1994 94 (7), 1975-1997. (30) Maseras, FChem. Commur200Q 25, 1821-1827.
(18) Bakowies, D.; Thiel, WJ. Phys. Chem1996 100 (25), 10 580-10 594. (31) stillinger, F. H.; Rahman, AJ. Chem. Phys1974 60 (4), 1545-1557.
(19) Gao, J. IrReviews in Computational Chemistrizipkowitz, K. B., Boyd, (32) Ahlrichs, R.; von Arnim, M. InMethods and Techniques in Computational
D. B., Eds.; VCH Publishers: New York, 1996; Vol. 7, Chapter 3, pp Chemistry: METECC-9%Clementi, E., Corongiu, G., Eds.; STEF: Cagliari,
119-185. 1995; Chapter 13, pp 56%54.
(20) Warshel, A.; Levitt, MJ. Mol. Biol. 1976 103 227—249. (33) Ahlrichs, R.; Elliott, S. D.; Huniar, UBer. Bunsen. Phys. Cherh998
(21) Loeffler, H. H.; Rode, B. MJ. Chem. Phys2002 117 (1), 110-117. 102 (6), 795-804.
(22) Inada, Y.; Mohammed, A. M.; Loeffler, H. H.; Rode, B. M.Phys. Chem. (34) Stevens, W. J.; Krauss, M.; Basch, H.; Jasien, R-C&. J. Chem1992
A 2002 106 (29), 6783-6791. 70, 612-630.
(23) Yagie, J. I.; Mohammed, A. M.; Loeffler, H.; Rode, B. M. Phys. Chem. (35) Dunning, T. H., JrJ. Chem. Phys1989 90 (2), 1007-1023.
A 2001, 105 (32), 7646-7650. (36) Dunning, T. H., Jr.; Hay, P. J. Modern Theoretical Chemistry: Methods
(24) Tongraar, A.; Liedl, K. R.; Rode, B. Ml. Phys. Chem. A998 102 (50), of Electronic Structure TheorySchaefer, H. F., Ill, Ed.; Plenum Press:
10340-10347. New York, 1977; Volume 3.
(25) Loeffler, H. H.; Yage, J. |.; Rode, B. MChem. Phys. Let002 363 (37) Wadt, W. R.; Hay, P. I. Chem. Phys1985 82, 284—298.
367-371. (38) Berendsen, H. J. C.; Grigera, J. R.; Straatsma, J. Phys. Cheml987,
(26) Loeffler, H. H.; Yade, J. |.; Rode, B. MJ. Phys. Chem. 2002 106, 91 (24), 6269-6271.
9529-9532. (39) Adams, D. J.; Adams, E. M.; Hills, G. Mol. Phys.1979 38 (2), 387
(27) Bopp, P.Chem. Phys1986 106, 205-212. 400.
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intermolecular (CF2 mod®) and intramolecular potentidls was
employed (BJH water model). Because the BJH water model allows
explicit hydrogen movement, a time step of 0.2 fs was chosen. The
Newtonian equations of motion were treated by a general predictor-
corrector algorithm. The cutoff was set to half the box length (12.35
A).

The detailed description of the generation of the classical pair and
three-body potentials has already been presented elsetitieteTo
construct the iorrwater pair potential function, Hartred-ock energies
(basis sets as above) were fitted with the Levenbéigrquardt
algorithm to the analytical formula

S Aic Bic
—+—+
a
=Tl lic

Cic Dic G4
d
ri‘i: Fic

AEyq= — @

rir:

whereA, B, C, andD are the fitting parameters and the subscripts
andc indicate theith atom of a water molecule and ¥nor VZ* ion,
respectively. The three-body correction function was constructed by
fitting energies from waterion—water configurations to a function of
the form

Corr __
A 3bd T

Aexp(B r)exp(=B riexp(=C rp)[(rjmi — r12)2(rlimit - r13)2]
(3)

with the parametera, B, andC. rjm;: is a cutoff limit (set to 6.0 A) up

oxygen velocities were projected in a similar way onto the-iGnvector
to describe the corresponding stretching mode.

All frequencies of water molecules in the first hydration sphere of
Mn?" and \#* determined by the QM/MM MD simulation were
multiplied by scaling factors calculated for the corresponding DZ and
DZP basis set (Table 1), because all atomic motions of these water
molecules are generated according to the quantum theory-based forces
calculated by the analytical gradient of the SCF wave functions. It is
unclear, however, if the same scaling factor can be used uniformly
over the whole frequency spectrum, because for instance no experi-
mental data for librations exist.

The resulting scaling factors of 0.91 for DZ and 0.89 DZP are in
agreement with the published standard scaling factor of 0.89 for a
similar basis set**>The different scaling factors summarized in Table
1 for Qi, Q, and Qs have been obtained from experimental and
theoretical gas-phase frequencies for water. In the DZP case the three
values are very similar (0.89) in contrast to the DZ values, which exhibit
larger deviations from the average value of 0.91.

D. Mean Residence Times and Reorientational TimesTo
understand the dynamics of hydrated metal ions, it is important to have
detailed information about the time water molecules stay in the
hydration shell of the ion. In our case mean residence times (MRTS)
have been calculated as proposed by Impey¥tHie algorithm makes
use of the survival function

No g
Pt)=»—
]ZN —t

N-t fott

; =tf\"(k)

“

to which the three-body corrections are evaluated. The terms in square
brackets ensure a smooth approach to zero for energies and forces adescribed in detail by Garcia and StilférwhereNy is the number of

this limit.

Three different QM/MM MD simulations were carried out for f&n
and \2*, testing the influence of a polarization function on oxygen of
water by comparing the results ofVsimulations using DZ and DZP
basis sets for water. For Mhthe system was equilibrated for 4.6 ps
taking the starting configuration from a previous classical MD pair
potential simulation, collecting statistical data from further 20.0 ps of
simulation. The system containing?Vand DZ water molecules was
equilibrated for 5.0 ps with a starting configuration from a previous
classical MD simulation, sampling data within another 15.7 ps. Starting
configurations for the simulation of % with DZP water molecules
were taken from the QM/MM MD simulation with DZ basis set for
water and equilibrated for 2 ps. Statistical data were collected for further
10 ps.

C. Velocity Autocorrelation Functions. MD simulations (in contrast
to Monte Carlo simulations) offer the possibility to investigate
dynamical properties. The evaluation of velocity autocorrelation
functions (VACFs) and their Fourier transformed power spectra provide
essential information about hydrated idnghe power spectra were
obtained by cosine transformations.

The VACFs of oxygens and hydrogens contain all necessary
information to analyze vibrational and librational frequencies of the

hydrated ions. As the total spectrum can be obscured by overlapping

bands, an approximative normal coordination analysis was utilized to
obtain single band¥.:?8 The velocities of the hydrogens are projected
onto the unit vector parallel to the corresponding-#d bond,

water moleculesN the number of total time steps ai{ is a binary
sequence that answers yes or no (0 or 1) if a water molgcligs
within a defined region centered at sitat time stegk. By definition
Pi(t = 0) is the average coordination number of the hydrate complex
andP;(t) is the number of water molecules that are initially in the first
hydration shell and still remain there after a tine

Orientational dynamics may also be discussed in terms of reorien-
tational time correlation functions (RTCFs)

Ci(t) = [P, (T;(0)T;(t)) (5)

whereP; is the Legendre polynomial ¢th order and; is a unit vector
along three principal axasdefined in a fixed coordinate frame as the
rotations above.

As both MRT and RCTFs, are assumed to decay exponentially we
decided to fit the RCTF to the simple formula

C\(t) = aexp(—t/ty) (6)

wherea andr; are the fitting parameters, angis the corresponding
relaxation time.

Il. Results and Discussion

A. Structural Comparison of QM/MM-HF Simulations.
In a previous papett the hydration structure of M has been
reported to be a hexa-coordinated complex, consistent with

perpendicular to the water plane; after subtracting the center of masSexperimental results. The quantum mechanical treatment of the

velocity of the water molecule, the normal coordinates of the system
are obtained. In this way six projection®i Q., Qs, R, R, R, are

defined to describe the symmetric stretching, bending and asymmetric

stretching vibration, and rotations around the three principal axes of
the water molecule, respectively?® The instantaneous first shell

(40) stillinger, F. H.; Rahman, Al. Chem. Phys1978 68 (2), 666-670.
(41) Bopp, P.; Jans¢@.; Heinzinger, KChem. Phys. Letil983 98 (2), 129-
133.

(42) Yagie, J. I.; Mohammed, A. M.; Loeffler, H. H.; Rode, B. M. Mol.
Struct. (THEOCHEM)620(1) 15—-20.
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Mn2* ion and its first hydration sphere makes it possible to
reproduce the correct hydration structure, and is thus expected
to reliably predict librational and vibrational frequencies in a

(43) Eisenberg, D.; Kauzmann, Whe Structure and Properties of Water
Oxford University Press: Oxford, 1969.

(44) Scott, A. P.; Radom, LJ. Phys. Chem1996 100, 16 502-16 513.

(45) DeFrees, D. J.; McLean, A. D. Chem. Phys1985 82 (1), 333-341.

(46) Impey, R. W.; Madden, P. A.; McDonald, I. R. Phys. Chem1983 87

(25), 5071-5083.

(47) Garcia, A. E.; Stiller, LJ. Comput. Chenl993 14 (11), 1396-1406.
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dilute aqueous solution as well. The structural results of main Table 1. Calculation of Scaling Factors for Bending and
interest for the MA&* ion are recalled in Table 2 Stretching Modes (DZ and DZP basis set) Using the Experimental

) ] i ) ) and Theoretical Gas Phase Values for Pure Water
Two simulations with different basis sets for oxygen have
been performed in the case ofV using a DZ basis s&tfor

H,0(DZ)  HO0(DZP)  HO(expf  SF(DZ)P  SF(DzP)

: Qz[cm™Y 1711 1809 1595 0.932 0.882
the f|rst_ and a DZP (present work) for the ;e_c?ond run. The O fom] 1029 2101 3657 0.908 0.892
comparison of thesg re_sults off_ers the possibility to estimate g, [cm 4205 4234 3756 0.893 0.887
the influence of polarization functions at oxygen on the structural ASF 0.91 0.89

data, and to decide which basis set is sufficient to evaluate
structural (and also dynamical) properties of main interest. The

structural comparison of the QM/MM MD simulations fofV

is summarized in Table 2. Table 2. Characteristic Structural Parameter for the First

. . . . Hydration Shell of Mn?* and V2" (DZ and DZP basi t
The V—0O RDFs are plotted in Figure 1 together with their Ogyégr:;m eroriinT an (bz an asis serior

running integration numbers. The first maxima are centered at

aExperimental frequencies in gas phase, refScaling Factor for
vibrational frequencies. Average scaling factor for vibrational frequenctés.

, . Mn2* (DZP): V2 (DZ)° V2 (DZP,
2.17 A'in the DZ and 2.23 A in the DZP case and the second e Gy o7 ©7)
peak maxima corresponding to the second hydration shell areg’mwd 421'4215 2'%7 253
located at 4.3 A (DZ) and 4.4 A (DZP). As the basis set for ¢gordination number 6.0 6.0 6.0
water used in the QM region is the only difference between the mean 0-M?"—0 angle [deg] 88/172 90/172 90/173
two simulations, similar structures were expected for the outside N€igne 3.9 54 4.5

i ith that the-vO RDFs for second WHH [deg] 20 14 i
MM region. In agreementlwn ' ' meand angle [ded] 166 170 168
shell and bulk are nearly identical, whereas the first DZP peak height 4.1 5.9 3.9
is smaller and broader. Accordingly the first DZ peak suggests WHH [degd] 23 16 25

. . : P mean oop angle [ded] 6 1 -2
a more rigid structure with lower radial flexibility of the water height 20 34 18
molecules. This can certainly be attributed to the absence of wHH [deg] 51 22 54
polarization functions on the oxygens. The first shell is well meana(O—H—O) [deg] 107.0 (106.5) 110.6 (112.5) 105.3 (106.5)
distinguishable from a second shell and the inter shell region is Mean d(G-H) [A]' 0.962 (0.947) 0.961 (0.951) 0.959 (0.947)
Zero Wlthm_a _range O_f aboqt 1 A’ indicating that no exchange aQM/MM MD simulation at Hartree-Fock level using an additional
occurred within the simulation time. three-body correction, see ref 26QM/MM MD simulation at Hartree-

i i ibi 0 _ Fock level using an additional three-body correction, see ref BBst peak
The first hydration shell of ¥ exhibits 100% of hexa maximum of M- O~ RDF. 4 Second peak maximum of M0 RDF.

coordination. The second shell exhibits appreciable populationse pgak height of main peakPeak width at half-height of main peakAngle
ranging from 14 to 18 in both cases and the nonzero RDF at between ior-O and dipole vector Angle between iorO vector and water

the minimum after the second peak together with the low peak plane.' Optimized values for single water molecules with the corresponding

. L . . DZ or DZP basis set in parentheses.
height indicate rapid exchanges with the bulk. The mean
coordination numbers of the second shell are 16.4 (DZ) and 6l -. 7 o
198 (2, | /

) . ) ) | | — DZP basis satfor oxygen

The main peaks of the ©V—0 angular distribution functions 1ar i 14
(ADFs) are located at 90172 for DZ and 90/173 for DZP, 12}
representing a nearly regular octahedron in both cases. The main
peak of the DZ simulation is sharply pointed and narrow, in
contrast to the smaller and broader peak of the DZP simulation,
again indicating that the latter provides a more flexible first
hydration shell.

The most probablé angle (angle between ierO vector and i
dipole vector) is found at 16&or DZ and 170 for DZP. The 2t y,{.' \
out-of-plane angle (angle between ie® vector and water -
plane) is nearly zero in both case$ {@r DZ and—2° for DZP).
D.eta"ed ar!alyses of triand OUt_Of_plane angles show a strong Figure 1. Comparison of the VO radial distribution functions of the QM/
dlffere_nce. in the shape of the.Obtalned .pegks. The very r?"’m’OWMM sim'ulations at HF-level using a DZ (broken line) and a DZP basis set
and high first peak of the DZ simulation indicates low rotational (solid line) for oxygen.
flexibility of the coordinated water molecules in the [V{B)e] 2"
complex. The additional polarization function on oxygen induces however, is showing a well-defined peak for Mnand \2*.

a higher flexibility, resulting in smaller and broader peaks for The first sphere depicts a more rigid structure fét \h contrast
6 and out-of-plane angles. to the second one, which is better defined in the-NInRDF.

The water geometry in the first shell is listed in Table 2. For Beyond the second hydration shell a random structure has been
both basis sets, bond elongation and angle compression wabtained in all cases.
observed with respect to gas-phase values. The first hydration shell consists in both cases of six water

The structural comparison of the two transition metal ions molecules (100%) and the average coordination number of the
Mn2+ and \2* using the values of Table 2 shows high similarity, second shell is nearly identical (15.9 for f#mnand 15.8 for
especially in the metaloxygen RDFs (Figure 2). The first peak  V2*). The angle distributions, as mear-®12"—0 angle, mean
of the Mr#*—O RDF is smaller and broader than th&\peak 6 angle and mean out-of-plane angle offer a rather similar
located at a similar ionoxygen distance. The second shell, picture of the two ions and the corresponding peaks exhibit a

]
=
=]

a

coordination number

. 12
jﬂm ‘\QWMT”\H
4 5 6

70
T Al
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Figure 2. Comparison of the VO and Mn-0 radial distribution functions @
using DZP basis set for oxygen. E
£ 0
very similar shape. The influence of the two transition metal
ions on the water geometry is rather similar showing nearly 151
identical ion-O distances (0.959 A for & and 0.962 A for
Mn?%) and a larger deviation of the DZP optimized water angle 10r
(106.5) in the case of M#".
The QM/MM MD simulations of this work additionally give 5t
information about the hydration energy of the iosE(yqr)

x.

which can be compared to experimentally evaluated enthalpies 0 . .

of hydration. Some assumptions are necessary to estimate

experimental data for single-ion hydration enthalpies, as the

enthalpies measured for salts have to be assigned to separata_‘gure_ 3. |Pow((jer spectra of r0_tatt1iona: modE?a Ry, R (left <|:0Iur|nn)_an(r11
i i i i i i vibrational mode: y y right column) for water molecules in the

o o oS T o rcsing R e G, 6 ) o e

ydr = ) V2t (DZ) (dashdotted line).

Mn?t (AEpyar = —550 kcalmot?) with experimental values

(AEnyar = —404 kcalmof? for V2* and AEna = —447

kcalmol® for Mn2+ 48) exhibits a deviation of 20 to 30%.

09 12°%36 39
Frequency [103 * crn'1]

Table 3. Vibrations, Librations, and Reorientation Times of First
Shell Waters and Mean Residence Times of Second Shell Waters/

Generally, literature values for the hydration energies show “E");zp \c/:z E\)’;P :fa RO - HO
considerable variations and especially fér"Vwhich is rather - (bzF) 02) (Ozp) @M ol (o)
unstable in aqueous solutions, it is difficult to measure such R 418 (372)  472(429)  438(390) 415
data. The observed discrepancies are not very surprising, 581(517)  765(696)  670(59%) 420

ata. : p : y surprising,g, 700 (623) 863 (785) 712(634) 540
therefore, but the slightly weaker hydration energy found for Q) 1882 (1675) 1882 (1713) 1881 (1674) 1698 1645 1610
Mn?* seems consistent with other experimental observations Qu iggé gggg ig%g gggg; igig ggég; gggg giig g?gg

5 10 i 9 3

of d a_ndd_ metal |o.ns4 ) ! _ Qo  320(285) 400 (364) 350 (312)

B. Librational Motions and Residence Times.Figure 3 71,9 23(31) 9.7 (21) 45 48 75
shows the librational motions together with intramolecular 7y 26 10 4.6 5.7
modes of first shell molecules for the three simulations. The gi ;’; 662 1:’2 g'g
normal mode approximati@hworks very well for all simula- oy 10 7.7 4.9 33
tions as the single modes can be separated and coincide withr.z 16 21 40 2.9

7 25 4 30 25100

the total spectrum. The frequencies corresponding to the powerTMRTi
Spec,”a of VA('T‘FS for the librational mo+t|0|1ig, Ry, and,RZ Of, 2Pure liquid simulation with the BJH water model® Experimental
the first hydration sphere of M and \#* are summarized in  values for liquid wateF? © Scaled HF values, see Table“Librations about
Table 3. In this work, we mainly concentrated on the QM treated thed three pf'mt:IPal ?X?ﬁhg Zf-éfetn?l'_ng mOd;Qz ?ytfﬁm*?;'%ﬁfeﬂt?}‘l?l
: : ; and asymmetric stretcl@s. f Stretching mode of the i motion.
first _hydrat'on shell, frequencies of the Secor_]d Sh_e” or bu_lk are g Reorientational times about the three principal axeg, z of first and
not included. The ordeR, < Ry < R, found in this work is second order; numbers in parentheses are exp data, see refs 51, 52.
consistent with previous resuff$3 The R, wavenumbers of " Experimental reorientational correlation time of watetMean residence

t | les in the first shell of Mh and \2* imil times, eq 4, in the second hydration sheNlumbers in parentheses are the
water molecules in the nrst sheil or ivinan aresimiiar — wavenumbers scaled to allow direct comparison to experiment and classical
(DZ values for \*© show the insufficiency of this basis set).
Because the rotation about the dipole aRy {s not energeti-

simulations (Table 1). Frequencies in thand times in ps.

cally restricted by coordination to the metal ion, tRemode
exhibits the smallest frequency of the librations. However, the
motions leading to a change in dipole orientation, iR.and

Ry, are strongly influenced by the interaction with the ion, and
Ry is more strongly blue-shifted thd®. Again, the smaller DZ
basis set causes considerable deviations with value20%

(48) Marcus, Y.J. Chem. Soc., Faraday Trank987 83, 339-349.

(49) Day, M. C.; Selbin, JTheoretical Inorganic ChemistryReinhold Publisher
Cooperation: New York, 1962.

(50) Murphy, W. F.; Bernstein, H. J. Phys. Cheml972 76 (8), 1147-1152.

(51) Ohtaki, H.; Radnai, TChem. Re. 1993 93 (3), 1157-1204.

(52) Bloembergen, N.; Morgan, L. @. Chem. Phys1961, 34, 842—850.

(53) Bopp, P.Pure Appl. Chem1987 59 (9), 1071-1082.
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higher than the ones obtained with the basis set containingbending mod&), blue-shifted relative to the gas phase indicating
polarization functions for oxygen. The comparison of scaled the polarization of first shell water molecules by the transition
QM/MM wavenumbers with wavenumbers obtained from a metal ion. Accordingly, the frequencies reflect bond angle
classical simulation for M 5*including three-body corrections  compression and bond elongation of theCHTable 2).

shows deviations of 1815% for the three librational motions, The frequency differencA? betweerQ; andQs is about 80
thus indicating the influence of higherbody effects. wavenumbers for M and 60 wavenumbers for2V similar
The R, wavenumber is very similar for M and \* using to Ni2* shifts (A¥ = 70 cnT1).56 A comparison of the QM/

the DZP basis set for water but the DZ peak is shifted to higher MM wavenumbers with classical data including a three-body
frequencies in accordance with a more rigid structure. In correction term in the case of Mh>* shows coincidence for
agreement with structural data these facts maintain that first the stretching mod@,. In contrast to that, the stretching modes

shell water molecules are mostly dipole oriente@xis), i.e., Q1 andQ;s of the classical simulation are nearly 10% red-shifted,
rotation about this axis is not energetically restricted by the ion. instead of the small blue-shift obtained by inclusiomdsody
However, the strongly inhibited rotations around ReandR, effects.

axes keep the water molecules in the preferred orientation. The It is obvious from Table 3 that the BJH water model does
strongest inhibition of first shell water was obtained in thé'V  not fully reproduce experimental data. The modes are blue
case with DZ basis set for water due to its missing polarization shifted by about 50 cmt for Q, and about 100 cri for Q;

function for oxygen. andQs. Thus, the frequencies obtained in this work are not to

The QM/MM MD simulations make it possible to study the be considered on an absolute scale, but rather in terms of relative
influence of cations (M#™ and \2") on rotational properties  shifts. As such, they are reasonable and support all other
of the corresponding water molecules and on the rotational structural analysis data. Scaling of the obtained frequencies even
relaxation times obtained from eq 5. Table 3 lists values for allows quantitative estimations, as the obtained bulk values are
RCTFs of first ¢;) and secondt) order, separately for the  in good agreement with pure water results.
three principal axes as defined for the librations. IFerl these The scaled frequencies of the stretching modes of the@n
correlation functions are related to infrared line shapes and for motion may be separated as described above using the normal
| = 2 the correlation functions are related to Raman line shapesmode approximation. The obtained values, summarized in Table
and NMR relaxation time3t 3, were found to be 285 cm for Mn?* and 312 cm? for V2*

The RCTFs, depicted by six values, show very high using the same DZP basis set for water. The ¥imulation
numbers for thez axis (1, and 7,) implying that the most ~ with DZ basis set for oxygen shows a high {e@ frequency
probable movement is a rotation around the dipole axis. The (364 cnt?) suggesting a lower flexibility of the hydrate complex
RCTFs show strongly varying values and large differences in accordance with structural and librational results. The
between MA" and \2*. In the case of ¥ x andy values of additional polarization function for oxygen has a strong influence
the reorientational timesr{y, 71y, T2x, 72y) are smaller and on ion—0 frequency increasing it by about 50 thThe force
values turn out larger when using the DZP basis set for oxygen. constant for MA"—O (k = 59 Nm) is clearly smaller than
The comparison of the two transition metals using the same for V#*—0 (k = 70 Nn1'1) indicating a weaker ionoxygen
DZP basis set for water exhibits a similar behavior with larger bond. This is in agreement with the slightly weaker hydration
values forx andy and a smaller one farin the case of M#. energy obtained for MAt and the generally observed lesser
The vanadium ion (DZP) displaysx andyy values similar to ligand field stabilization off® (and d*%) metal ions because of
pure BJH water and also, 72, times very similar to the results  their specific electron density distributioffs.
obtained for pure BJH water. In contrast, the reorientational D. Water Exchange in the Second Hydration SphereThe
times along the-axis are considerably higher. Our correlation ligand exchange between coordination shells around metal ions
times are similar to values obtained forPA| Cr3+, and B&" 55 is fundamental for the reactivity of these iohé/ater exchange
and in good agreement with NMR measureméhts. at di- and trivalent transition metal ions has been the subject of

The comparison of the QM/MM; results with classical data extensive experimental studigsdn contrast to the fast exchang-
for reorientation times shows the importance of the inclusion ing alkali and alkaline earth ions which are very difficult to
of many-body terms. The classical simulation of WM&* measure, experiments give easier access to exchange rates for
predicts the highest relaxation time for rotations aroundzthe the transition metal ions. As expected from experimental data,
axis, in agreement with QM/MM results. The classical simula- no water exchange between first and second hydration shell took

tion strongly overestimates the stabilization around zfzis place during simulation times of 20.0 ps for Mn15.7 ps (DZ)

and consequently the rotation around the dipole axes, as forand 10.0 ps (DZP) for % . The experimental rate constant for
the QM/MM simulation the reorientational times abowndy water exchange of the first hydration spheres is2.10" s

axes are about half as big as thealue in contrast to the ~ for Mn2*.5".38No data are available for the very unstablé"V
classical results being different by a factor of nearly 9. ion. The expected exchange times are for sure larger than the

C. Vibrational Motions. The vibrational frequencies from  longest QW/MM simulation times currently possible. Conse-
the power spectra of VACFs @, Qy, andQs are depicted in  duently, we mainly concentrated on the dynamics of the second
Figure 3 and summarized in Table 3. The scaled Dz v  hydration shell which is much more flexible. The detailed
frequencies are blue-shifted in comparison to the Dz v  analysis of exchange processes between second shell and bulk
values. The stretching mod&$ and Qs are red-shifted, the

(56) Inada, Y.; Loeffler, H. H.; Rode, B. MChem. Phys. LetR002 358 449—
458

(54) Loeffler, H. H.; Rode, B. MJ. Comput. Chemsubmitted. (57) Helh, L.; Merbach, A. ECoord. Chem. Re 1999 187, 151—181.
(55) Martinez, J. M.; Pappalardo, R. R.; Marcos, EJ.SAm. Chem. So4999 (58) Lincoln, S. F.; Merbach, A. IAdvances in Inorganic ChemistnAcademic
121 (13), 3175-3184. Press: New Yrok, 1995; Vol. 42, pp—B8.
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supplied the mean residence timeggs) collected in Table 3 nisms, but also interchange (I) and dissociative (D) mechanisms

for the three simulations. have been observed. The?Vresults show a large extent of
As a consequence of the rather short simulation times it is dissociative (D) mechanisms in both cases (DZ and DZP).

difficult to obtain accurate mean residence times, as the statistics

is not very good. Nevertheless, QM/MM MD simulations allow V. Summary and Conclusions

a good estimation for these essential dynamical properties. The

calculated values are 7 ps for kthand 4 ps for \#* (DZP).

The statistical problem becomes obvious as the survival function

(4) approaches 2 (2 water molecules remain in the second

hydration shell during the whole simulation) rather than the

expected zero for long times.

Our QM/MM MD approach proved suitable to take higher-
body terms into account and to investigate the dynamical
behavior of hydrate complexes, in addition to the structural data.
Using two different doublé: basis sets for water in the case of
V2+ allowed to show the necessity of polarization functions on

The calculatedyrr values lead to about 60 exchanges during oxygen to co_rrectly deS(_:ribe structural and dynami(_:al _data.
a simulation time of 20.0 ps for Mii, and 50 exchanges in the Frequency shifts as obtained from power spectra maintain the
case of DZP ¥ within 10 ps. The DZP results have been notion of a dipole oriented first shell water molecule, thus
proven to be in agreement with the counted number of exchangeCOnfirming structural data. The QM/MM MD approach allows
processes during the simulation time. These values have beer!' to evaluate residence times and e?«:hange processes between
obtained by counting the water molecules crossing a border set5¢cond shell and bulk and thus to estimate water exchange rates
to 5.3 A (obtained from the K —O RDF; end of the peak of for the second hydration shell. This seems of particular
the second hydration shell) for more than 2 ps. importance, as the time scale of this exchange is in the
Ligand substitution mechanisms were classified by Langford Picosecond range, which is hardly accessible by experimental
and Gray by the symbols A (associative), D (dissociative), and Methods. Consequently, QM/MM MD simulations have become
| (interchange) for the different mechanisms proceeding via & Very reliable and sufficiently accurate tool to characterize ions
hepta- or pentacoordinated intermediates. There are two |in Solution.
mechanisms;ldescribes concerted reactions that have associa-
ive character andqlrepresen ncerted reactions that hav . . ) .
:jisesc():ciZtﬂlcetecth:gte?p esents concerted reactions that have Austrian Science Foundation (FWF) is gratefully acknowledged
In our simulation of the liquid state the water exchange (project P13644-TPH).
processes for MiT mainly represent associative (A) mecha- JA0286831
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